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Ecotoxicity and Sustainability of Emerging Pb-Based

Photovoltaics

Xingwen Lu, Dong Yan, Jiangtao Feng, Meng Li,* Bo Hou,* Zhe Li,* and Fei Wang*

Emerging Pb-based photovoltaic (PV) technologies, including in particular solution
__processed halide perovskite solar cells (PSCs) and Pb chalcogenide quantum dot
solar cells (QDSCs), are among the most promising next-generation PV technologies
for a range of disruptive energy and electronic applications. However, the potential
toxicity and leakage of hazardous Pb species have become one of the main barriers

to their !arge-scale apphcatxon When solar cells are subject to physical damage or :
failure of encapsulatlon, rapid leakage of Pb may occur, which can be accelerated by

exposure to external environmental weathering conditions such as rainfall and
elevated temperature. Herein, an in-depth investigation on the essential role of Pb in
 PSCs and QDSCs, as well as common causes of Pb !eakage, is undertaken. The

hazardous eﬁ'ects of Pb toxtc;ty on soil plants bacteria, animals, and human cells are .

also evaluated. Recent progress in developing effective strategies for Pb leakage
reduction, such as Pb-free or Pb-less perovskite materials, device archltecture
des:gn, encapsulation absorbers for PSCs, and core—shell structure and ligand
exchange method for QDSCs, in addition to Pb recycling strategies of end-oflife
solar cells are summarized, This review provides quantitative insights into the ﬁ:ture
development of eco-ﬁ1endly emergmg Pb-based PV technologles

excitation, and transport ability."! In just
a few years, it has achieved a power conver-
sion efficiency (PCE) of over 25.7%, compa-
rable to silicon PVs.*® While Pb-based
PSCs exhibit exceptional promise for mass
production,'®'? there are growing con-
cerns about their environmental impact
due to the potential toxicity and leaching
of harmful Pb species throughout their
lifetime.

Colloidal quantum dots (QDs) are
another promising candidate for the next-
generation PV application, which has
received enormous attention because of
the excellent optical and electronic proper-
ties enabled by their unique size-dependent
quantum confinement.**%! Ph chalcogen-
ide QDs (e.g., PbS, PbSe) are among the
most promising nanoparticle (NP) materi-
als in PVs, with certified PCEs as high as
13.8% in PbS QDSCs.P®!”! The low-cost

1. Introduction

Metal halide perovskite solar cells (PSCs) are established as a
highly promising next-generation photovoltaics (PVs) technology
due to their superior optoelectronic properties, such as high light
absorption coefficient, long carrier diffusion length, high carrier

and scalable solution-based processing
methods can offer QDs a wide range of
bandgaps, and generally better stability
than organic chromophores. Despite the continuously increasing
PCEs of QDSCs, device stability remains a significant challenge
for industrial applications. Beyond PV, QDs have further dem-
onstrated their promising application in biomedical imaging,
display and electronics industries. Similar to Pb-based PSCs,
growing concerns also arise from their potential Ph** toxicity,
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which may pose a threat to the environment and human
health '8!

Pb is a toxic metal with natural concentrations of 12-20 ppm
in bedrock and soils and 0.03 pg L™ in stream water.*) Available
data from the International lead and Zinc Study Group
estimated that Pb consumption was up to 12205 000 tons in
2021, owing to the advantages of its low cost, malleability, high
density, low melting point, and high corrosion resistance ?"!
With the rapid growth of the PV market, the global cumulative
solar capacity reached about 773.2 GW in 202021 If 1 GW of
solar PV capacity using perovskite solar panels with an efficiency
of ~25% containing ~3.5 tons of lead with a 0.5 ym thick Pb-
based perovskite layer,”?* the total amount of Pb contained
in PSCs is ~541 tons assuming only 20% of 773.2 GW PV
market is occupied by perovskite solar panels.*!! Therefore, a
sustainable strategy is an essential prerequisite to handling
and disposing of Pb-based perovskite materials to effectively mit-
igate the risk of Pb?" leakage.

The widespread consumption of Pb-based PSCs and QDSCs
may induce a severe impact on the environment if no effective Pb
management strategies are implemented. U.S. Environmental
Protection Agency (EPA) regulates the upper limit of Pb concen-
trations in drinking water and air are 15 pg L™ and 0.15 pgm ™3,
respectively. The Ministry of Ecology and Environment (MEE) of
China stipulates that maximum allowable Pb contents in drink-
ing water and air are 10 pgL™" and 0.5 pgm >, respectively. In
addition, the European Union’s Restriction of Hazardous
Substances {(RoHS) allowed maximum concentration for Pb is
0.1% by weight in homogenous materials of the electronic
device. However, it is worth noting that the use of Pb in some
installed solar cells {e.g., PSCs of glass substrates) is exempt from
this regulation.*¥

It is widely established that halide perovskite materials can be
vulnerable to degradation in outdoor conditions, such as expo-
sure to moisture/water, ultraviolet light, damp heat, and oxygen,
especially upon physical damage or failure of encapsulation.!’!
Toxic and soluble Pb species can leak out of Pb-based PSCs
and QDSCs, posing a severe threat to the surrounding environ-
ment. The potential environmental impact of PSCs and QDSCs
due to the contamination of Pb** to groundwater, soil, and air, in
addition to the subsequent impacts on soil plants, bacteria, ani-
mals, and human cells have been widely investigated 202633
The leaching behavior of Pb** from perovskite films or devices
under controlled environmental conditions, including heavy
rainfalls, high humidity, hail, rainfall temperature, and intense
sunlight has been investigated.”**3%32343¢ Myltiple strategies
were developed to mitigate Pb** leakage while maintaining the
performance of PSCs, including the development of Pb-free or
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Figure 1. Schematic of contents.

Pb-less alternatives to Pb halide perovskites, Pb-absorbing mate-
rials, novel device structures, and encapsulation methods. For
the toxicity reduction of QDSCs, core-shell structure and ligand
exchange method are discussed. Furthermore, Pb recycling
methods were also developed to mitigate the environmental
impacts of PSCs beyond their lifespan. Some recent reviews have
provided one or some of the abovementioned aspects in Pb man-
agement of PSCs,*"%7% while a comprehensive review of Pb
management of emerging Pb PVs is still lacking within the com-
munity. As a result, it is important to account for the develop-
ment and provide insights for the environmental impact
assessment, Pb** leakage mitigation, and recycling toward their
large-scale commercialization.

As shown in Figure 1, this review discusses the critical role of
Pb in PSCs and Pb-based QDSCs, the causes of Pb** leakage, the
leaching behavior of Pb®* from PSCs and QDSCs to air, soil, and
groundwater under weather conditions of heavy rain and high
temperature. The negative influence of Pb** toxicity on soil
plants, bacteria, animals, and human cells is systematically ana-
lyzed. The strategies for mitigation of Pb** leakage and novel
recycling methods are thoroughly discussed. This review high-
lights effective strategies for reducing Pb*" leakage, especially
in the development of novel structure design, encapsulation
methods, and Pb-absorbing materials.

2. The Role of Pb in Emerging Pb-Based PVs
2.1. The Critical Role of Pb in PSCs

Perovskite materials possess superior optical and electronic prop-
erties, such as optimal energetic bandgap, high light absorption
coefficient (=10° cm™), long carrier diffusion length (up to
1pm), high carrier mobility(electron 7.5cm?>V~'s™!, hole
125cm?V 1s™Y), small exciton binding energies, only
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12.6 meV Urbach energy, and high tolerance to defects with trap
densities of 10"°-10¢ cm =344

Typical perovskites are cubic or octahedral crystalline struc-
tures!® with the ABX; chemical formula, where A is a central
organic cation (e.g., CH3NH;", [(NH,),CH]'), or inorganic
(e.g, Cs"), or mixed cations. B is a divalent metal cation
(e.g, Pb**, Sn®* Cu’* Bi**), and X is a halide anion (e.g.,
Br~, I", CI"™). Hybrid organic-inorganic perovskites are effective
optoelectronic functional materials due to their stable crystal struc-
tures and high light absorption. The phase stability of the 3D struc-
ture of perovskite {ABX;) can be described by the tolerance factor

. Ta + T'x
TV "

where ra, 5, and r, are the radii of A, B, and Xions, respectively.!*¢!
In general, if the radii of the three ions A, B, and X meet the con-
dition of 0.9<t<1, a stable 3D perovskite structure can be
formed."®! Due to the wide variation range of the tolerance factor,
the substitution elements of the A, B, and X can be diverse. For the
most extensively studied perovskite methylammonium lead iodide
(CH;3NH;Pbl;, also known as MAPL;), t=0.912. As is shown in
Figure 2a, MAPI is known to exist in the tetragonal (§) phase at
ambient temperature, while adopting the orthorhombic (y) struc-
ture at lower temperatures (<165 K) and the cubic {a) crystal struc-
ture at elevated temperatures (>327 K).1*7!

Theoretical calculations show that Pb plays a critical role in Pb-
based perovskites.”**" Their unique atomic electronic configu-
ration {e.g., Pb 6s lone-pair states, inactive Pb 6p orbital), in
combination with high chalcogenide symmetry, strong spin—obit
coupling, and the ionic nature of halides, is recognized to
give rise to the high absorption coefficients, long carrier
diffusion length and benign defect properties of PSCs.*94%

www.solar-rrl.com

Figure 2b"** demonstrates that the unoccupied Pb p orbitals
are dominant in the lower conduction bands(CB) of Pb halide
perovskites, whereas the upper valence bands (VB) are mostly
I 5p orbitals combined with a small fraction of Pb s states.
The semiconducting properties of MAPbI; are primarily derived
from the inorganic PbXg cage since there are no contributions of
C, N, and H atoms (i.e., MA") near the VB maximum and CB
minimum.P% The presence of 65* lone-pair electrons of Pb atoms
in Pb halide perovskites is the key to their distinguished proper-
ties compared with conventional tetrahedral semiconductors
used in optoelectronics. The optimal condition for effective opti-
cal absorption is the combination of p—p transitions and a direct
band gap. Only compound semiconductors (e.g., PbS, SnS,
Sb,Ses, Bi;Ss), comprising cation elements with lone pair s
electrons, are capable of p-p transitions. However, their
compounds typically exhibit low symmetry and indirect band
gaps. Compared with Si and GaAs, the Pb lone-pair s orbitals
and material symmetry of Pb halide perovskites give rise to
extremely high optical absorption coefficients, which strongly
further affects the quantum efficiency of PSCs. In addition,
the long carrier diffusion length is strongly correlated with the
effective masses (m*), nonradiative recombination, and scatter-
ing of carriers.*” It is anticipated that the lower CBs of Pb hal-
ides and strong s—p coupling of perovskites would make the
upper VB more dispersive than that of conventional p—s semicon-
ductors. Thus, these properties of Pb atoms contribute to the
lengthened carrier diffusion length. Furthermore, Yin et al. also
illustrated the unique defect properties of APbXj, i.e., the pre-
dominant point defects in Pb halide perovskites create only shal-
low levels and grain boundaries are electrically benign, which is
attributed to the antibonding interaction between Pb lone-pair s
and I p orbitals, the strong ionicity, and the large lattice constant
(Figure 2¢).*
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Figure 2. a) The crystal structures of the orthorhombic, tetragonal and cubic phases of MAPbI,. The upper and lower panels are oriented through 100 and
001, respectively. Reproduced with permission.”! Copyright 2015, American Physical Society. b) Bonding diagram of an isolated [Pblg]*™ cluster.
Reproduced with permission.*®) Copyright 2003, American Physical Society. ¢} Schematics of the formation of valence band maximum (VBM) and
conduction band minimum (CBM) (left), defects from cation and anion vacancies (middle) and from anion—anion, cation—cation wrong bonds (right).
Reproduced with permission.l*”) Copyright 2015, American Chemical Society.
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2.2. The Role of Pb in QDSCs

QDs, typically NPs composed of group II-VI or 111~V elements,
have unique optical properties due to their small particle size
(~1-10 nm), the quantum confinement of electrons and holes,
and tunable bandgaps. QDs of the lead salts (PbS, PbSe, and
PbTe) exhibited stronger confinement of both electron and hole
than well-known II-VI (CdS or CdSe) QDs.P! For example, the
electron radius a. and hole radius o, of PbS are both ~10 nm,
which are much larger than a.~3nm and oy, =1 nm of CdSe.
Meanwhile, the highly dispersive optical phonons of the lead
salts make the system perfect for researching phonon confine-
ment. In addition, the chemically inactive Pb Gs orbitals are
found to play a key role in forming a significantly larger exciton
Bohr radius (~20 nm) in QDs than IV-VI and II-VI compounds,
which contributes to the highly tunable bandgap, high carrier
mobilities, low exciton binding energies, and strong multiple
exciton generation (MEG) effects of Pb QDs.P¥ Similar to
PbSe, PbS exhibits high photosensitivity in the near-infrared
range, tunable optical bandgap in a range of ~0.7-2.1eV, and
multiple exciton production.**!

As a result of these characteristics, PbS QDs have become an
especially promising choice for solar cells,**** especially when
they are combined with perovskites.!'*! The PbS QD solar cells
with a PCE of 13.8% were certified with a monolayer of perov-
skite bridging the neighboring QDs.['® In addition, a 19.5%
(2000 lux indoor light) and an 11.6% efficiency (1.5 Suns concen-
tration) have been demonstrated from ordinary QDSCs (9.55%
under 1 Sun)."”) Furthermore, by introducing perovskite precus-
sors into the QD solution, Pb chalcogenide QDs can be capped
with a perovskite shell, leading to the enhanced stability and
performance of solution-processed solar cells.P®

3. Causes of Pb leakage from emerging
Pb-Based PVs

3.1. Causes of Pb Leakage from PSCS

It seems that the Pb leakage is a complicated process resulting
from multiple external and internal factors, including the sur-
rounding environmental parameters, perovskite film quality,
and perovskite types.’®! In this section, we summarize the key
parameters that might have a significant impact on the Ph**
leaching behavior of PSCs (Figure 3).

3.1.1. External Environmental Triggers for Device Degradation

The characteristics of the perovskite crystal structure are the pri-
mary cause of the remarkable PCEs that PSCs have demon-
strated to date, as well as the leading causes of its degradation
and toxicity issues. Pb-based PSCs may quickly degrade when
exposed to water, ultraviolet light, oxygen, heat, or a combination
of these factors due to various degrading mechanisms, including
polymorphic transformation, hydration, ion diffusion, decompo-
sition, and oxidation.’”! It is reported that the stability of the
perovskite crystal structure, especially the moisture stability,
plays a major role in the initial Pb™* leaching rate of
PSCs.>® Due to the weak ionic bonding in 3D perovskites,
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* Water(Rain pH PB4363461)

External Rainfall time 1356263
environmental  * Heat/Temperature 1356264
parameters « UV irradiation

* Soil condition B4

»Film quality(e.g., grain
size, morphology, defects,
ion migration) 165661

* Perovskite type 135611

Internal parameters

Figure 3. The summarized external and internal factors for Pb®* leaching
from perovskite solar cells (PSCs).

drastic crystal structure decomposition occurs upon long-term
exposure to water (in high humidity, rain, dew, or hail).?**1
Yang et al. demonstrated that the decomposition rate was highly
dependent on the relative humidity (RH), with high RH (80% to
10096) leading to total degradation in 6 h and low RH (20%) lead-
ing to only minor decomposition on after several days.*” The
specific hydrolysis reaction of perovskite is as follows!®”

4(CH,;NH;)Pbl; + 4H,0 = 4[CH;NH;Pbl, - H,0] 2
= (CH;NH,),Pbl - 2H,0 + 3Pbl, + 2H,0 )

20(1
()

When exposed to water vapor, monohydrate and dihydrate are
formed, which can be converted back to perovskite phases after
being soaked in nitrogen. However, liquid water induced Pb*"
leakage from PSCs is irreversible.**Due to the crystal structure’s
susceptibility to water, stability against humidity was examined
intensively before its actual commercialization since water is the
weakest point of perovskite crystals. The next concern is the light
intensity with UV and damp heat, which also accelerates the deg-
radation of PSCs.[*>*) The causes of PSC decomposition men-
tioned earlier are complex and mixed. Nevertheless, these studies
indicated that Pbl, is the main Pb-containing by-product of the
decomposition of CH3NH;Pbl; materials (Figure 4a—c).l%6%%3

3.1.2. Effect of External Weather Conditions for Pb Leakage

As mentioned in the previous section, PSCs are vulnerable to
decomposition, under various environmental conditions, which
may accelerate Pb*" leakage and environmental pollution. The
damaged perovskite solar modules can experience different
weather conditions, including rain pH, rainfall time, tempera-
ture, and soil condition, which are proved to affect the Pb** leak-
age from PSCs.

Rain pH: The pH of rainwater can vary considerably, typically
ranging from 4.0 to 9.0.%"! Hailegnaw et al. reported 71.9% and
67.5% weight loss of Pb*" in CH3NH;Pbl; under acidic rain
with pH of 4.2 and 6.0, respectively, and 69.0% weight loss of
Pb** under alkaline (pH 8.1) rain."®® Yu et al. studied the leakage

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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of Pb* from MAPbI;, FAggsMAg1sPb(lggsBross)s, and
CSx(MAQ'l7FA0V33)(100_X)Pb(10.33BI'0.]7)3 PSCs under simulated
rainwater,® and found that the concentrations of PbZ*
increased greatly in the early stage at lower pH of 4.5, but the
total amount of leached Pb*" is within the same order of mag-
nitude under rainwater pH of 5.6 and 4.5 (Figure 5a,b). Su et al.
found that the Pb** leaching concentrations in PSCs by different
leaching methods of synthetic precipitation leaching procedure
test (pH 3.2), toxicity characteristic leaching procedure (TCLP)
test (pH 4.93), and water extraction test (WLT) test (pH 7) with
a solid-to-liquid ratio of 1:10 were 5.5, 4.8 and 3.0 mg L%, respec-
tively.’! Zhai et al. reported that the released Pb®* from dis-
solved MAPbI; (1mgL™") decreased from 0.369 to
0.318 mg L' with increasing pH values from 5.0 to 8.5 after
5h of leaching.?" Yan et al. reported that the percentage of
Pb** leached from MAPbI; increased from ~53% to 78% when
rain water pH decreased from 5 to 1.5 These results suggest
that acidic rain can dissolve the Pb*" more rapidly, resulting
in a higher Pb*" leaching rate from PSCs.

Rainfall Exposure Time: Several studies have focused on the
effect of rainfall exposure time on Pb*" leaching from PSCs.
Yan et al. performed a kinetic study of the leaching of Pb>"
of unencapsulated MAPbI3-, FAMA-, FAMAGs-, CsPbl;-, and
CsPblI,Br-based PSCs under simulated rainfall with a varied
spraying time of 10-960s.*" It is found that MAPbI;-,
CsPbls-, and CsPbl,Br-based PSCs leached ~10% of the total
amount of Pb*' after 10s of soaking, further increased to
~60% after 120s of soaking, 290% of the total Pb?* leached
out after 960 s of leaching.®™ Wan et al. studied the Pb** leach-
ing dynamics of cracked MAPDI; (0.5 ml. perovskite solution of
1mol L™ added to 50 mL rain water) at 45 °C and pH of 5.6.1°¢!
Within the first 10min, Pb dissolving speed decreases from
0.958 pg (Lmin)™! to 0.135pg (Lmin) ™", while Pb dissolving
speed is decreased from 0.08 to 0.026 pg (L min) ™" when leach-
ing time is increased from 53 to 138 min (Figure 5c), but the
Pb®" concentration in rainwater keeps increasing.*® Jiang
et al. performed contentious leaching of Pb** from
Csg.07FA093PbI; under constant rainfall for 72 h,’*”! and found
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that the amount of Pb*" leakage is increased from 400 to 520
(mgm™?) when the duration of rainfall is increased from 12
to 72 h.

Temperature: PSCs can be exposed to a broad temperature
range when deployed in different conditions. Wan et al. evalu-
ated the Pb** leakage from encapsulated MAPbI; modules under
simulated rainfall (pH =5.6) with temperatures of 0-85 °C.16%
The Pb*" leaching rate at 85 °C rapidly rises to 0.029%, which
is 11.4 times the leaching rate at 0°C, and 7.9 times higher than
the leaching rate at 45 °C (Figure 5c,d). Yan et al. found that the
percentage of Pb** leached from MAPbI; increased form ~34%
to 529 when the teniperature is increased from 10—40 °C under
60 s of rainfall exposure. Jena et al. studied the degradation of
MAPDI; cells at a temperature of 60-120 °C under a humid envi-
ronment (RH 30-50%).1’! The results suggested that elevated
temperatures might cause a more rapid decomposition of
PSCs, further resulting in a higher Pb®* leaching rate of PSCs.

Soil Condition: When the leached Pb** is transported into the
soil, the soil condition would also affect the Pb** toxicity. Zhai
et al. investigated the leaching behavior of CHNHNH,PbI,
perovskite NPs in the soil bacterial community under simulated
environmental conditions across a range of humic acid (HA) and
divalent cation concentrations.” After 5h of leaching, an
increase of the HA concentration from 0 to 50 mg L™ induced
an increase in the concentration of CHNHNH;PbI; in suspen-
sion from 0.445 to 0.537 mg L™, but the decrease of concentra-
tion Pb** from 0.340 to 0.241mgL™" (Figure 5e).** This
indicates that the leakage of free Pb*" from CHNHNH;PbI,
perovskite in water was mitigated with increasing HA concentra-
tion, as surface adsorption of HA blocked the reactive sites of
CHNHNH,PbI; perovskite and the formation of HA—metal com-
plexes reduced the amount of free Pb** ions.*" In addition, the
increase of divalent cation (Ca** or Mg”") concentration from 0
to 10mM induced a decrease of CH3;NH;3PbI; perovskite and
Pb** concentrations, measured from 0.445 and 0.340 mgL™!
to 0.248 and 0.241 mg L' (Figure 5f), respectively, as divalent
cations neutralized the surface charge of CHNHNH;PbI;, and
reduced its dispersion, which also reduced Pb** release.’*

@ ®) ©
7500 ——— CHNH Pul, Powder + H,0 | (o) ¢ D* *D [} *: P et
2 Q:pbl, o aged
5000 l i O:fro @@a;ﬁipbx:mx. &)
25004 | - ) — }&w 1000 h BB Ref. PO, thomb, {0}
S e T 4000 3 % Ao
o f H
—— CHNHPO, Powter | 3000 - : 2 ‘
% el s 100 B a L_..A A
[~ 42000 =L 2 AN " o)
g w t oA, 2
E \A L {1000 & E
L1 ll LT A L Sl { l 1h °
10000 - CHNH,PBL, 1 em = Y } I .
? | = (CHNH,) Pbi, 2H,0 H *
. u bt *5 * *
| g Pbi, l L ! * Ral: BN t *
oot | iﬁj I - et BN IS B/ WA BT ST IR
0 A %mﬂ AN\.;AU‘».E s o o0 10 N S NPT A S AR WU S S s T
10 20 30 40 50 10 16 20 256 30 36 40 46 5O 20 25 30 3B 40 45 50 55 60
2Theta (degrees) 26/degree 2 Theta / deg

Figure 4. X-ray diffraction patterns of: a) CH3NH;Pbl; before (blue) and after (green) the addition of liquid water, and the calculated patterns.
Reproduced with permission.? Copyright 2015, American Chemical Society. b} The devices upon UV exposure. Reproduced with permission.®?
Copyright 2016, Springer Nature. ¢} A fresh and an aged (for 72 h) sample exhibiting the production of Pbl, as due to decomposition. Reproduced

with permission.®*! Copyright 2015, Wiley-VCH GmbH.
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3.1.3. Internal Causes of Pb Leakage

Effect of Film Quality on Ph Leakage: Pb>* leakage is potentially
related to the quality of perovskite materials (e.g., grain size, mor-
phology, the concentration of defects, and type of exposed sur-
face). The nucleation of perovskite films is often accompanied
by the formation of many defecis. The crystal defects can be a
vacancy in the crystal elements (A*, Pb®*, or X7} or contamina-
tion within or on the surface of the crystal grain. It has been
reported that defects at grain boundaries and interfaces might
serve as charge accumulation sites and infiltration pathways
and trigger irreversible degradation of the perovskite film.!*%7%
In addition, due to the ionic nature of perovskite materials,
defects may accumulate in bulk perovskite/interface perovskite
crystal materials (e.g., ion migration), which may also play a sig-
nificant role in Pb>* leakage.

Effect of Perovskite Type on Pb Leakage: So far, there are only a
few reports that investigate Pb?" leakage in different types of
PSCs. Recent studies reported that the Pb*' leaching rate
strongly depends on the type of PSCs, pointing to a potential
route toward Pb** leaching reduction through materials optimi-
zation.®>%%! Yan et al. reported the kinetic behavior of Pb?* leach-
ing from five types of PSCs under static soaking and rainfall
conditions. After 10 days static soaking, the total Pb®" leaching
amount of MAPbI;-, FAMA-, FAMACs-, CsPbls-, and CsPbI,Br-

www.solar-rrl.com

suggested that absolute Pb quantity in perovskite films affects
the total amount of Pb** leached out into the water. The percent-
age of leached Pb** of total Pb amount in CsPbl,Br-based PSC
was highest (97.3%), compared to 91.2%, 91.8%, 60.4% and
84.9% for MAPDbI;, FAMA-, FAMACs- and CsPbl;-
based PSCs, respectively, after 960 s of rainfall exposure
(Figure 6b).*>! Under rainfall exposure conditions of 120-960s,
CsPbl,Br- and FAMACs-based PSCs show the highest and
lowest Pb*" leachability, respectively.®® Yu et al. demonstrated
a two-stage dissolution process (dissolution of ammonium
halides and lead halides) of Pb*" ions from three different
types of PSCs (MAPbI;, FAggsMAg1sPb(logsBross)s and
Cs,(MAg.17FA¢ 83) 100-xPb(lo.g3Bro.17)3), and found that the
amount of Pb®* leaching is within the same order of magnitude
among the three types of perovskite films after 1 day soaking.[*”!

3.2. Causes of Pb Leakage from QDSCS

Many factors affect the toxicity of QDs, including the physico-
chemical properties of the particles themselves (e.g., particle size,
stability, dispersion, surface charge, surface modification groups,
oxygenation state), the concentration of QDs, type of recipient
cells (in vivo), and incubation time.!"®”*7? Therefore, the toxicity
of QDs should not be simply defined, but should be based on a
comprehensive analysis of the intrinsic properties of the dots and

based PSCs was 438.26, 917.50, 943.45, 439.77, and their interaction with the external environment. Chen et al. elu-
493.54mgm™?, respectively (Figure 6a).°) The results cidate the origin of the structure degradation as well as the device
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Figare 5.a) Pb*" contents in the contaminated rainwater of MAPbI, (PSC-1),  FAggsMAg sPb(lggsBrgas)s  (PSC-2), and

Cs,(MAg17FA0.83) (100 Pb(lo.83Br0.17)3s (PSC-3), at pH=5.6 and b) pH=4.5 depending on leaching time. Reproduced with permission./®™! Copyright
2016, American Chemical Society; ) The Pb dissolving speed (v) and the derivative of dissolving speed (a) of MAPbl; modules under conditions
of 45 °C and pH = 5.6. Reproduced with permission.* Copyright 2021, Elsevier; d) Pb** leaking ratio at different temperatures when MAPbl; modules
were soaked into 100 mL simulated rainwater (pH =5.6). Reproduced with permission.!*® Copyright 2021, Elsevier; e) Dissolution kinetics of
CHNHNH;Pbl; under different environmental conditions of HA and f) divalent cations (DC), IR: Pb ion release. DCL: divalent cations T mM,
DCM: divalent cations 2.5 mM, DCH: divalent cations 10 mM; HAL: HA 10 mg L7, HAM: HA 25 mg L™, HAH: HA 50 mg L, Reproduced with per-
mission.’Z Copyright 2020, Elsevier.
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and air environment in the forms of lead iodide (Pbl,), lead
oxide (PbO/PbO,), and ionic metals (Pb*", Si**, AP*), posing
risks of Pb** contamination of the ecosystem due to its high
transability.

4.1.2. Effect of Pb Leakage from PSCs on Biological Systems

Since the Pb** leached from PSCs can be readily adsorbed in
soil, soil plants and bacteria have been investigated to evaluate
the effect of PSCs on soil ecotoxicology. For mints plants
{Mentha spicata) grown in the uncontaminated soil, the Pb con-
centrations were 9.3-15.2, 2.8-3.9, and 7.5-8.4mgkg™" for
roots, stems, and leaves, respectively, whereas the Pb?* content
in mint grown in MAPbI; and Pbl, contaminated soil
significantly increased to 3401.1-4896.8, 179-240.1, and
384.7-426.8 mg kg for roots, stems, and leaves, respectively.[*)
These values are far higher than the safety values of the agricul-
tural industry in China, indicating a bicaccumulation potential of
Pb in food chains. Wang et al. conducted a battery of in vivo tox-
icity for three Pb-based PSCs (CH3;NH;Pbl;, NHCHNH;PbBr3,
and CH3NH;PbBrs) among Vibrio fischeri, Pseudomonas putida,
and natural microbes extracted from soils, as shown in
Figure 8.””! CH;NH,PbBr; was identified as the most foxic
Pb-based PSCs to soil microbes with an effective concentration
of 50% (EC50) value of 8.07 (6.65-9.85) mgL~", followed by
CH;NH;PbI; with an EC50 value of 9.27 (7.96-10.76) mg L%,
and NHCHNH;PbBr; with an EC50 value of 12.81
(10.64-15.34) mg L™". V. fischeri showed the highest sensitivity
with EC50 values (30min exposure) ranging from 145 to
2.91mgLl™

www.solar-rrl.com

Recent studies have focused on the biological impacts of PSCs
on organisms in aquatic environments, including, fishes, 2831
water  fleas,”™  phytoplankton,?®  Chironomus,??  and
nematodes.””"*) Kwak et al. found that Pb was the most leach-
able component in the leachates of broken perovskite MAPbI,
solar cells, with a concentration of 0.28-4.37mgL™". The
EC50 values were 25.75% for fish embryos at 7 days post fertili-
zation, and >50% for water fleas.”® Kwak et al. found that Pbl,-
treated zebrafish and Japanese medaka exhibited multiple
adverse effects (e.g., growth reduction, tail malformation, spine
deformity, hemostasis, and edema deformation in organs) with
increasing Pbl; exposure concentration from 1 to 20 mg L~
Bae et al. compared the toxicity of perovskite MAPbI, to four eco-
toxicity species, where the order of their ecotoxicity was D.
magna>D. rerio>C. elegans>C. riparius®® Based on C. elegans
in 72h reproduction, the mean EC50 values were 0.59, 5.05,
2.65, and 4.30 mg L™ for Pb**, Pbl,, PbO, and PSC, respectively.
Liu et al. reported that S. obliquus growth was remarkably inhib-
ited when the initial MAPDI; perovskite level (CPL) was above
40 mg L™".* And when the CPL was over 5 mg L™, the survival
of D. magna was notably threatened. The 72h EC50 of
S. obliquus was calculated as 37.21 mg L%, and the 24h 1.C50
to D. magna adults and neonates were calculated as 37.53 and
1855mgL™", respectively. The aforementioned research
suggests that leachable Pb from PSCs induces high toxicity to
aquatic organisms even at low concentrations.

4.1.3. Effect of Pb Leakage from PSCs on Human Health

As Pb is not biodegradable, it will finally accumulate in the
human body within the food chain. Chronic Pb poisoning would
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Figure 7. Hlustration of research conducted to evaluate the leakage of PSC materials under different weather conditions.
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occur when the Pb level in the blood reaches 5 pug dL™",7® owing
to the transport of Pb in the human body via the blood circulation
systern through mimicry of essential elements of Ca®*, Fe", and
Zn®* ! Most Pb in the human body distributes in soft tissue
and skeletal systems. In soft tissues, Pb can interfere with cells
of living organisms, including liver, kidneys, central nervous,
and reproductive systems and cause severe damage to human
health, such as hypertension, anemia, impaired nerve conduc-
tion, encephalopathy, and even death.”?5% Continuous exposure
to Pb would induce gradual fixation to bones as insoluble Pb
phosphate, which requires 40-50years of decomposition.
Much worse, Pb is evacuated through breast milk and placenta.
This represents a major risk for breastfed infants and fetuses,
who are more susceptible to heavy metal intoxication.””)
Excessive levels of Pb from PSCs have been detected in veg-
etables and animals.?>'33] As a consequence, these poisonous
Pb could be transferred from soil/water and accumulated in
human beings through the biological cycle. Thus, the impact
of PSCs on human cell lines {(A549 cell, SH-SYSY cell, Caco-
2/TC7 cell, Beas2B cell, and HepG2 cell) and mouse neurons
were assessed via invitro assay.**>!*¥! Benmessaoud et al.
reported the effects of perovskite MAPbI; on human lung ade-
nocarcinoma epithelial cells (A549) (Figure 9a) and human dopa-
minergic neuroblastoma cells (SH-SYS5Y) (Figure 9b).*% When
hippocampal primary neurons and neuroblastoma cells were
exposed to dissolved MAPbI,, they suffered a massive apoptotic
cell death, whereas A549 cells experienced significantly altered
proliferation kinetics, cellular morphology, and metabolic activity
without noticeable cell death. The toxic effect of MAPbI; was
attributed to the Pb”* and MA ions. Wang et al. conducted in
vivo toxicity tests for three Pb-based PSCs (CH3;NH;3Pbls,
CHNH3PbBr;, and CH3;NH;PbBr;) using human cell models
(A549) and human colonic epithelial CaCo-2 subclone TC7 cells
(Caco-2/TC7).”) The results confirmed that the CH;NH;PbBr;
was the most noxious of the Pb-based PSCs. Pb-based PSCs
showed slight cytotoxic activity against A549 cells over the entire
concentration range of 1~100mg L™~ (Figure 9¢). In contrast,

Bio-toxicity effect

Toxicity sensitivity species to Pb-based PSCs
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Pb-based PSCs significanfly impeded the growth of
Caco-2/TC7 cells, inhibiting 42.79-63.46% of cells compared with
the control at an exposure dose of 100 mg L™ (Figure 9d).?”! Bae
et al. evaluated the cytotoxicity of MAPDI; by two human cell lines
(Beas2B and HepG2).” The results show that exposure to
100 mg L™" of MAPbI; exposure led to about 20 to 40% cytotoxicity
in Beas2B cells. Pb species caused lesser toxicity to HepG2 cells
(i-e., 109 to 20%) than to Beas2B cells. Therefore, it can be found
that the leakage of Pb-related compounds from PSCs possesses
substantial environmental hazards to water, soil, and air. When
these P-related products are absorbed by organisms or the human
body, it will cause significant toxic effects.

4.2. Environmental Impact and Ecotoxicity of Pb-Based QDSCs

4.2.1. Environmental Impact of Pb from PbS QDSCs

Yan et al. indicated that Pb leaching from PbS QDSCs is com-
parable to that of PSCs.”* When soaking in rainwater for 3 days,
the leakage amount of lead per unit area for PbS QDSC, MAPbI;,
FAMA, FAMACs, CsPbls, and CsPbl,Br were about 450, 210,
500, 350, 150, and 200mgm™?, respectively. Moreover, the
amount of leached Pb per umit area from PbS QDSCs under
30, 60, and 90s soaking time were 20.41, 47.96, and 59.13 mg
m™?, respectively, suggesting a very rapid leaching of Pb from
PbS QDSCs.”™ Truong et al. measured the concentrations of
leached Pb in fresh and Sdays aged PbS-MT and PbS-DT
solutions (3 mgmL™") after 18 h soaking.®!! Pb concentrations
of fresh PbS-MT and PbS-DT solutions were 1927 and
2270mgL™", respectively, whereas, the Pb levels from aged
PbS-MT and PbS-DT solutions were 87 and 1.075mgL™’,
respectively.®!! The results indicated that the PbS-MT and
PbS-DT NPs decomposed over time, releasing ionic Pb into
the solution. Chang et al. observed Pb dissolution of PbS nano-
crystals in bronchial epithelial cell growth medium (BEGM) at
37°C for 24 h, and the Pb-ion content in the supernatant was
74, 6,9, and 11 pgmL ™" for PbS T-octahedron, cuboctahedron,

Low taxicity species to Ph-based PSCs

Stressor intensity

Figure 8. Schematic diagram of Pb-based PSCs toxicity sensitivity to tested organisms based on the EC50 values. The toxicity data of Danio rerio,
SH-SY5Y, and mice primary neurons were derived from previous literature reports.?'* Reproduced with permission.?’! Copyright 2020, Elsevier.
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T-cube, and cube nanocrystals, respectively.®” Moody et al.  was decreased to 97%, 85%, 63%, 38%, and 38%, respectively
reported that the concentrations of Pb leached from PbS  (Figure 10a).** Under 150 pgmL ™" of PbS-MPA exposure, cell
QDSCs (ITO/ZnO/PbS ink/Au) made with TBAI and PbX, proliferation of human THP-1 and mouse TCMK-1 and AML12
ink preparations were 4 and 10.5mgL™", respectively. The  cells to PbS-MPA was decreased to ~35, =20, and ~90%, respec-
leached Pb level is determined by the toxicity characteristic leach-  tively (Figure 10b).®*) The DNA damage in HEK293 cells
ing procedure (TCLP, leached in an acetic acid buffer solution of ~ occurred for cells exposed to 5pgmL™" PbS-MPA.B3) Chang
pH =4.98 with a liquid/solid ratio of 20/1 ratio and 18+ 2h et al. investigated the toxicity behaviors of PbS nanocrystals in
soaking). The results indicated that the leached concentration ~ BEAS-2B cells.®! Cell viability of BEAS-2B cells decreased from
of Pb from PbS QD made with PbX; ink is greater than the reg- 100 to ~40% when treated with 0.4 to 200 HE mL™! PbS cube
ulatory limits specified by the EPA (SmgL™" for Pb), and PbS  manocrystals for 24 h (Figure 10c). When BEAS-2B cells were
QD made with PbX, ink can be classified as hazardous waste treated with 6.25 pg mL™" PbS nanocrystals for 24 h, the Pb con-
and requires expensive treatment. tent/protein can reach ~0.029 pg pg~ "B They found that the

toxicity of PbS nanocrystals was ascribed to the low Pb dissolu-

tion of {111} facets because of the strong protection afforded by
4.2.2. Toxicity of Pb from PbS QDSCs poly (vinyl pyrrolidone) during synthesis.’®? Truong et al. inves-

tigated invivo biological responses of embryonic zebrafish
Although there is insufficient research on the toxicity of PbS (Danio rerio) when exposed to PbS-NPs.®!! Per embryo at
QDSCs, the ecotoxicity of PbS QDSCs can be inferred from 12 hpf had the highest (~100ng) tissue concentration of Pb
PbS QDs. As the high environmental mobility of Pb, some  when exposed to 160 pgmL™' of PbS-MT (Figure 10d).
researchers studied potential health hazards of PbS QDs to  Embryos exposed to 10-320 pgmL™"' solutions of PbS-MT,
mouse cells,”” human cells,®?® embryonic zebrafish,®" and DT, and Pb(NO;), at 6 hpf and sampled at 12 hpf, had Pb con-
various organs of rats.**#* Kim et al. evaluated the biocompati-  centration in tissue ranging from 0.1 to 100 ng (Figure 10d)."
bility of PbS QDs in human (HEK293 and THP-1) and mouse ~ Embryos exposed to PbS-MT at 320 pg mL ™! did not survive at
(TCMK-1 and AML12) cells.®® When HEK293 cells exposed  the sampling time.®") Cao et al. measured Pb content in various
to 2, 6, 25, 100, and 400 ygmL ™" PbS-MPA, cell proliferation  organs of male Sprague Dawley (SD) rats, and confirmed the
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Figure 9. a) MAPbI; induced cell death of SH-SY5Y neuroblastoma cells and b) A549 human lung epithelial cells. The cell death level is expressed as the
percentage of cells with a compromised cell membrane (SG positive cells) to the total cell number. Reproduced with permission.’? Copyright 2020, Royal
Society of Chemistry c) Cytotoxic effects of Pb-based PSCs on A549 human alveolar epithelial cells and d) Caco—2/TC7 human colonic epithelial cells. The
data represent the percentage cytotoxicity compared with control cells {exposed to cell culture medium). NS, BS, and HS represent the Pb-based PSCs
pre-incubated with no serum added, Bovine serum added, and Human serum added for 1h at 37C, respectively. Reproduced with permission.”]
Copyright 2020, Elsevier.
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high neurotoxicity of PbS NPs.®!! Pb levels in rats’ organs of
heart, liver, lung, kidney, and bone would reach =~1.5, ~45,
~13, ~118, and ~120 pg g7, respectively, under high dose treat-
ment (30 mg kg ') and exposed to PbS NPs by trachea once every
7 days for 3 consecutive months {Figure 10e).%¥ Li et al. observed
the pathological changes in lung tissue of adult specific-patho-
gen-free Sprague-Dawley male rats under exposure to PbS
NPs.B After exposure to PbS NPs by injection once a week
for 4 months, Pb levels in whole blood and lung tissues of rats
were 1.209 and 3.558 ygg™' under 60 nm PbS NPs treatment,
and 1.642 and 5.631 pg g™ under 30 nm PbS NPs treatment.*!
In summary, many researchers confirmed that PbS QDs had
high toxicity to animal and human health; thus, the development
of effective strategies for Pb leakage reduction is essential.

5. Toxicity reduction strategies

5.1. Pb toxicity reduction strategies for PSCs

As a layer-stacked device, the optimization of each functional
layer and its interlayers is key to the performance of PSCs.
Typical PSC structure consisis of transparent electrodes (ITO,
FTO, etc.), hole transport layer (HTL, ie., Spiro-OMeTAD,
PEDOT: PSS, PTAA), perovskite light-absorbing layer, electron
transport layer (ETL, i.e., Cgp, PCBM), upper metal electrodes
(gold, silver, copper, etc.) and modification layers inserted as
interlayers.®® To minimize the toxicity, several Pb-containing

www.solar-rrl.com

methods have been explored in PSCs by further optimizing their
material design (e.g., using Pb-less perovskites, additives in PSC
functional layers), device architectures (e.g., employing interfa-
cial modifiers), and encapsulation strategies.

5.1.1. Pb-Free or Pb-less PSCs

The perovskite material can be regulated to various compositions
to obtain optimal optoelectronic properties.’®”! Thus, Pb has been
replaced entirely (Pb-free) or partially (Pb-less) in PSCs for Pb**
toxicity elimination or reduction.

Pb has been substituted by less-toxic metal elements (such as
Sn, Ge, Cu), which can theoretically be applied in PSC devices,
while their PCE and stability are still far below the standards for
industrial applications.""*#¥=*% Among them, $n and Ge are ideal
Pb-substituting elements in PSC devices because they have sim-
ilar ionic half-valences and extranuclear electron distributions to
Pb elements.”??) However, due to the poor chemical stability
and solubility of Ge’ in polar solvents, Ge-based halide
perovskites have achieved only 0.6% PCE so far.®® Sn-based
perovskites are the most promising alternatives to Pb-based
perovskites because their bandgaps are close to the optimal value
for PV applications (1.1 €V), combined with strong light absorp-
tion (up to 950nm) and good carrier mobility.”***! In recent
years, the PCE of Sn-based PSCs has been significantly
improved, while the highest PCE of PV devices prepared based
on Sn-based perovskite is 14.81% achieved in FaSnl;-based
PSCs, and the highest PCE achieved by inorganic CsSnl; based
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Figure 10. Cytotoxicity of PbS-MPA for a) HEK293 cells and b) THP-1, TCMK-1, and AML12 cells. Reproduced with permission.® Copyright 2015,
Dovepress; ¢} Cytotoxicity of BEAS-2B cells treated with ~0.4 to =200 pg mL™' PbS nanocrystals for 24 h. Reproduced with permission %
Copyright 2016, Springer; d) Tissue concentration of Pb in embryos exposed to o 10-320gmL™" solution of PbS-MT, PbS-DT, and Pb(NO;),.
Reproduced with permission.®"! Copyright 2011, Springer; €) Pb levels in organs of male Sprague-Dawley (SD) rats. Reproduced with permission.®*

Copyright 2013, Elsevier.

Sol. RRL 2022, 2200699 2200699 (11 of 28)

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

RRL

www.advancedsciencenews.com

PSCs has also surpassed 10%.°¢%% Nevertheless, the efficiency
is still inferior to that of lead-based PSCs. At the same time, Sn*"
is easily oxidized to Sn*" after exposure to air, which leads to a
self-doping phenomenon in the crystal, resulting in the degrada-
tion of device performance.?>*°! 1t therefore not only increases
the harsh requirements for the preparation environment of
Sn-based PSCs but also improves the requirements of device
encapsulation costs. In general, Pb-based perovskites are
irreplaceable as the most promising perovskite PV materials
for commercialization,

While maintaining the high efficiency of Pb-based PSCs,
some researchers used binary and multi-metal blending techni-
ques to replace Pb ions partially and reduce the Pb content in
PSCs. In 2016, Huang et al. prepared a binary cation PSC based
on MASng sPbg 513 with a PCE of 13.6% by substituting 50% mol
Pb with Sn!"(Figure 11a) The device performance was
improved with the increase of Pb content from 0% to 509, as
shown in Figure 11b, ascribing to the reduced crystallization rate
of tin-based perovskite and the compactness of the Sn/Pb binary
perovskite film. In 2018, Chen et al. fabricated FAPb,,Sng ;15-
based PSCs with a PCE of 16.26% through a two-step process.'%%!
With the addition of 0.25 MASCN, the morphology of the perov-
skite film was tuned and oxidation of Sn** was retarded through
coordinated SCN- to Sn*". Liao et al. used Snl, and CuBr, to
partially replace PbI; to prepare the Pb—Sn~Cu ternary perovskite
film, and the resulting PSC achieved an optimal PCE of
21.08%."°" The roles of Sn and Cu substitution of Pb were
found to promote the formation of high-quality ternary perov-
skite films with full film coverage. (Figure 11c) Meanwhile,
Ning tuned the energy level of the HTL and boosted the
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performance of Sn-Pb mixed inverted PSCs with a champion
PCE to 15.85% based on FAg¢MAg4Sng ¢Pbg 415 perovskite.'%%]
Subsequently, Chen et al. also reported a highly crystallized Pb-
Sn hybrid perovskite (FAq7MAo3Sn5Pbysls) by introducing
[PNA]BF, ionic molecule, which functions as an anchoring agent
to bond Pb** to the HTL surface (Figure 11d), enabling a mixed
Sn—Pb PSCs with a champion PCE of 20.11% and improved ther-
mal and shelf storage stability.[**®

From the perspective of Pb-Sn blending, Pb concentration can
be reduced effectively while the PCE can be maintained to some
extent. Pb—Sn binary metal perovskites can effectively tune the
bandgap of perovskite films and be incorporated into high-
efficiency PSCs, including tandem devices. However, as the ratio
of Sn increases, the stability of Pb-Sn binary perovskites
decreases, posing challenges to the fabrication process, encapsu-
lation technologies, and device stability issues. The use of partially
substituted Pb to create efficient and stable Sn—~Pb hybrid PSCs is
an essential direction for future research.!"9>19%1971%8 Alhough
Sn has been proposed to be as hazardous as Pb,®! composition
engineering may not be a final solution for Pb toxicity issues. In
addition to the research effort in full or partial Pb replacement, Pb
reduction materials were introduced in PSC layers, the interlayers,
or encapsulation materials in Pb-based PSCs.

5.1.2. Additives in PSC Function Layers for Pb Leakage Reduction

In Perovskite Active Layers: Various additives, such as phosphonic
salts,!" polyamide,*% sulfonic acid,***"*? fullerene,"'¥! fluo-
rine molecule,™*! have been incorporated into the active layer
and chemically reacted with perovskite materials. These

MAPb 4Sng 45Cug o515 0B

Toa

Figure 11. a} J-V curve of the best PSC fabricated with the Pb-assisted two-step method. b) J-V curves of PSCs based on perovskite films with different Pb
concentrations. Reproduced with permission.'% Copyright 2021, Wiley-VCH GmbH. c) Top scanning electron microscope (SEM) images of MAPbI;,
and MAPbg gSng 0sCuoostz.9Bros perovskite films. Reproduced with permission."® Copyright 2021, Wiley-VCH. d} The schematic illustration of [PNA]
BF, ionic substrates anchoring growth of mixed Sn-Pb perovskite. Reproduced with permission."®® Copyright 2021, Royal Society of Chemistry.
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strategies were proved to effectively immobilize Pb ions and fur-
ther mitigate Pb** leakage while not decreasing the efficiency of
PSCs.

Phosphate salts, such as (NH,),HPO,, were incorporated into
MAPbI;-based PSCs by Horvith et al.'"® It’s interesting to note
that phosphate salts don’t interact with perovskite and don’t mod-
ify its advantageous features. Still, they interact with Pb ions
under highly humid conditions, creating a highly insoluble com-
plex and preventing Pb** leakage. Niu et al. used dormant acryl-
amide as an additive to the perovskite precursor to mitigate the
Pb** leakage of PSCs."*% The acrylamide additives may produce
chelating polymer networks inside the perovskite layers during
annealing. (Figure 12a) As a result, a PCE of 22.1% is attained
with a high level of stability (T80 > 1000 h). In addition, when the
unencapsulated devices are submerged in water, chelating
polymer networks capture 94% of the Pb®* jons. Huang et al.
integrated mesoporous sulfonic acid resins into perovskite
absorbers to trap Pb ions, increasing the PCE to 20,1% and scal-
ing itup to 16.3% for large-area modules with an aperture area of
60.8 cm®"'! As illustrated in Figure 12b,c, the Pb%* concentra-
tion of rainwater from damaged perovskite modules for Device I

Device Device i1 Device lll

www.solar-rril.com

without any Pb** adsorbents was 16.0 + 0.8 ppm. In contrast, for
Device Il with a Pb-absorbing resin layer beneath the perovskite,
it was reduced to 4.51 4 0.68 ppm. By applying a plastic sheet
encapsulation coated with an additional thick layer of Pb-absor-
bent resins (device 1V), the Pb*" level was further reduced to
11.9ppb. Wei et all™™! synthesized a functional fullerene
(FPD) with a Cgq cage, a porphyrin ring, and pentafluorophenyl
groups in the perovskite precursor. The electron-
deficient and pentafluorophenyl groups can suppress ion migra-
tion and passivate deep defects, resulting in an FPD-based device
with a maximum PCE of 23%. Notably, a water-insoluble com-
plex (FPD-Pb) was produced due to the chelation effect, resulting
in a 58.3% reduction in Pb** leakage when submerged in water.
(Figure 12d) Han et al. included a water-insoluble amphoteric
phenyl benzimidazole sulfonic acid (PBSA) in the perovskite
precursor.'*l The PBSA sulfonic and imidazole rings reacted
with Pb** to passivate defects, promote crystallization, and con-
strain Pb** leakage. Consequently, the device using 0.3% mol
PBSA produced the highest efficiency of 23.27% with low hyster-
esis and enhanced stability. Additionally, the Pb** leakage level
decreased from approximately 3.5 to 1ppm when the
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Figure 12. a) lllustration of additive-to-polymer transformation in solution (left), solid (middle), and water (right). Reproduced with permission.[''%
Copyright 2021, American Chemical Society. b) The device architecture of four types of sub-module. ) The Pb concentrations from four types of
sub-module, each with three samples tested. Reproduced with permission.I"""! Copyright 2021, Springer Nature. d) Soaking test for different durations.
Reproduced with permission.l'"®! Copyright 2021, Wiley~VCH GmbH. e) Phenyl benzimidazole sulfonic acid (PBSA) powder in 10 mL Pbi, solution (top);
soaking test for unencapsulated devices. Reproduced with permission."'? Copyright 2021, Wiley-VCH GmbH. f) Soaking test for unencapsulated devi-
ces with a pH of ~5.7. Reproduced with permission.l"" Copyright 2021, Springer.
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unencapsulated device was immersed in deionized (DI) water
due to the strong interaction between PBSA molecules and
water-soluble Pb”" to generate insoluble complexes in water.
(Figure 12¢). Similarly, Li et al.!"" employed a multifunctional
regulator, namely 4-[(trifluoromethyl) sulfanyl]-aniline (4TA) to
enhance the perovskite crystallization and passivate trapping
density, leading to a PCE improvement up to 20.24% with
enhanced humidity stability due to the hydrophobic fluorine mol-
ecule. Furthermore, Pb?* leakage was suppressed due to the for-
mation of the chemical bonds between the aniline of 4TA with
Pb** ions. (Figure 12f) Cao et al. implanted poly(butylene
adipate-co-terephthalate) polymer (PBAT) in the perovskite film
and formed a polymer network that prevented nearly 98% of
Pb** from leakage.'"*!

In Carrier Transport Layers: Charge transport layers play signif-
icant roles in device performance, including determining charge
carrier mobility and protecting the perovskite active layer from
the external environments.”) Multifunctional hole-transport
materials were developed to regulate the degradation of perov-
skite and promote Pb** chelation when released from the

www.solar-rrl.com

perovskite lattice. Alkoxy-PTEG, a conjugated polymeric hole
transport material with the ability to chelate Pb*" jons, was devel-
oped by Lee et al."'! (Figure 13a) It has been demonstrated that
the tetraethylene glycol and alkoxy-based groups interact with
Pb>* jons through chelation. The binding constant (Koinding)
was determined to be 2.76 M~ using proton nuclear magnetic
resonance spectroscopy. (Figure 13b) Secondary ion mass spec-
trometry (SIMS) depth profiling was used to determine the
amount of Pb*" in the HTL of aged PSCs, proving that Pb?* ions
were bound to alkoxy-PTEG. (Figure 13c) Dong et al. assembled a
series of nanostructured polyoxometalates-metal-organic frame-
works (P@Ms) dopants in the HTM of PSCs with improved sta-
bility."'”! The P@Ms acted as a spider web to trap Pb** ions
thereby effectively restricting the migration and leakage of Pb**,

In Carbon Electrodes: Carbon electrodes are cheap, stable,
inherently water-resistant, and inert to ion migration compared
with commonly used Au or Ag electrodes.!'’®?% The use of car-
bon electrodes has significantly enhanced the device’s stability
and shows promise for preventing Pb*" leakage.!"' Huang
et al. integrated cation-exchange resins (CERs) with carbon
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Figure 13. a) Chemical structures of alkoxy-PC8, thiophenyl-PTEG, and alkoxy-PTEG. b) Plots of chemical shifts versus [Pb*]. ¢) Secondary ion mass
spectrometry (StMS) depth profiles, Pb tracking in Alkoxy-PTEG. Reproduced with permission."'® Copyright 2021, Wiley-VCH GmbH. d) Schematic of Pb
leakage prevention due to the strong ionic interaction between Pb** ions and sulfonate groups. ) Pb leakage simulation and mapping of the concen-
tration on a large, damaged perovskite solar panel. Reproduced with permission.""® Copyright 2020, Nature. f) The schematic of the positive effects of
P@M on the efficiency and stability of devices. g) Pb concentration of the contaminated water detected by inductively coupled plasma-optical emission
spectrophotometry {ICP-OES). Reproduced with permission.''”] Copyright 2020, Nature.

Sol. RRL 2022, 2200699 2200699 (14 of 23) © 2022 The Authors. Solar RRL published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

RRL

www.advancedsciencenews.com

electrodes  for Pb** SEQUESTration from damaged
PSCs(Figure 13d).'*® The low-cost and easily integrated CERs
can effectively trap free Pb** ions inside PSCs owing to the
strong bonding capacity of sulfonate groups. Notably, electrodes
mixed with CERs had a negligible negative impact on device effi-
ciency. Further, water dripping tests show that the damaged solar
mini-modules with coated CER layers can effectively reduce Pb*"
leakage by 62-fold to 14.3 ppb in water compared with the mini-
modules without CER layers. Further encouraging findings
(<7.0 ppb) were achieved from the simulation of damaged car-
bon perovskite solar panel with a typical size of 198 cm x 99 cm,
even under heavy and acidic rainfall (50 mmh™, pH = 4.2) con-
ditions with every mini-module damaged. (Figure 13¢)

As shown in Table 1, Pb** leakage prevention strategies in
PSC layers are summarized. Various test technologies were
employed to evaluate the Pb”*" leakage, including inductively
coupled plasma mass specttometry (ICP-MS),10%111113.118]
atomic  absorption flame emission spectrophotometry
(FAAS),["' scanning electron microscopy-energy dispersive
X-ray spectroscopy (SEM-EDS),"¥ inductively coupled
plasma-optical emission spectrophotometry (ICP-OES),['*" and
UV-vis absorption spectra.l'*! Ph.absorbing additives were
proved to simultaneously boost the PCE of the device and block
Pb** outflow.

5.1.3. Intetfacial Modification for Pb Leakage Reduction

Interfaces of PSC functional layers are related to surface passiv-
ation, carrier dynamics, and defect management, which is essen-
tial for improving the performance and long-term stability of the
device." Pb** leakage was also effectively reduced by adding
interfacial modification materials between the perovskite active
layer/carrier transport layer (ETL or HTL) and ETL/metal elec-
trode interface.

Perovskite/HTL Interface: The perovskite/HTL interface is
associated with the electron injection barrier and hole-extraction
process, further affecting the device’s efficiency and stability.??%
Thiol Copper(11) porphyrin was employed to modify the perov-
skite/HTL surface."?*"%l Cao et al. synthesized a tetra-thiol cop-
per porphyrin (CuP) molecule as a perovskite surface modifier
and effectively prevented Pb*" leakage by the interfacial Pb—S
bonds formation."**! The resulting CuP-modified PSCs obtained
an enhanced PCE up to 20.7%, while the quantity of Pbl, in mod-
ified perovskite film is half the amount in pristine perovskite film
after 10 min of soaking in water. (Figure 14a) They also intro-
duced a copper porphyrin containing thiol and secondary amine
group (Cu-Por} in the perovskite/HTL interface, achieving an
enthanced PCE of 21.24% and effectively preventing Pb** leakage
in perovskite films."* (Figure 14b,c) The same group also
designed an in situ polymerized zinc porphyrin with carbonyl
groups to chelate with Pb jons in perovskite films.'2%
(Figure 14d) The modified PSCs exhibited a PCE of 20.53%
and good light and heat stability due to the passivation effect
of ZnP. The UV-vis spectra revealed that the Pbl, amount in
Zn-por-treated perovskite film was lower than that in the pristine
film. (Figure 14e) Phenylbenzimidazole sulfonic acid (PBSA)
was also used to modify the perovskite/HTL interface.*”) The
strong bonds between water-insoluble PBSA and Pb?" ions
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promote the perovskite surface defects passivation and inhibit
Pb leakage. The unencapsulated PBSA-modified device dis-
charged less Pb (<5 ppm) than those without modification when
submerged in water. (Figure 14f) Wang et al. introduced the
dithiol molecule to passivate surface defects and trap Pb ions.['?®
Consequently, Pb content from the 1,2-ethandeithiol (1,2-EDT)
treated perovskite films was reduced than pristine perovskite
films when immersed in DI water and was monitored and
recorded as shown in Figure 14g. Chen et al. introduced a chem-
ically stable Dion-Jacobson 2D perovskite of (DOE)Pbl,_,Cl, at
the 3D perovskite surface."*! Due to retarded dissolution by the
modification layer, the perovskite film avoided drastic structural
decomposition when immersed in water. As a result, the modi-
fied device showed enhanced PCE performance (23.6%) and
operational stability (retain 95% of its initial PCE after
1100 h). Meanwhile, the Pb content of PSCs was dramatically
decreased from 231.9420.1 to 65.24 6.2 ppb by 71.9% when
immersed in acid rain, and it exhibited no obvious change after
aging for over 1 year. (Figure 14h,i) Wang et al. immobilized lead
by doping poly(acrylic acid) grafted carbon nanotubes in perov-
skite films and reduced about 70% of the Pb®* leakage below the
hazardous waste limit upon water exposure.'*!! Zhu et al. intro-
duced an “internal packaging” crosslinked interfacial layer with
benzyl acrylate acting as an airtight “protective wall,” which pre-
vented the device from water and oxygen corrosion and lead
leakage.[**9!

ETL/Perovskite Interfice: The ETM/perovskite interface is
crucial for facilitating electron transport, reducing carrier recom-
bination, and regulating perovskite crystallization.'?! Meng
et al. introduced Diphosphatidyl-glycerol{Di-g) with hydrocarbon
chains between ETM/Perovskite interface.*!! Due to the bond-
ing between amphipathic Di-g and Pb**, the treated flexible
device achieved a PCE of 20.29% and retained 96% Pb**
leakage. (Figure 15a,b) Mokhtar et al.*>”! blended hydroxyapatite
NPs into the mesoporous TiO, layer to boost the PCE of PSCs
up to 20.98%, which also effectively immobilize Pb jons in
a hydroxyapatite matrix and promote Pb*" leakage
SEQUESTration.(Figure 15¢) Zhang et al. prepared amino tri-
methylene phosphonic acid (ATMP)-K by mixing ATMP and
KOH, which was then incorporated in a SnO2 ETL in
PSCs.'*! The ATMP-K-modified perovskite/silicon heterojunc-
tion tandem solar cells obtained a boosted PCE of 24.75%, and
the Pb** concentrations dropped sharply to 50% of the original
as Pb ions were captured by ATMP. (Figure 15d) Inspired by the
strong adhesion mechanism of mussels, Wang et al. introduced
three biological molecules of 3,4-dihydroxyphenylalanine
{DOPA), 3,4-dihydroxyphenethylamine (DA), and 3-(3,4-dihy-
droxyphenyl) propionic acid (DPPA) into the SnO,/perovskite
buried interface as interfacial linkers, which produced secondary
bonding with undercoordinated Pb*" defects.!'** The DOPA-
modified devices exhibited enhanced stability and a high PCE
of 21.5%.** Xu et al. propose an in situ cross-linked polymer
(Spiro-NPU) as an internal encapsulating layer in PSCs with
enhanced moisture resistance and lead blockage due to the
Pb-O interaction,!'*”!

ETL/Metal Electrode Interface: Due to their unique frame
structures, metal-organic frameworks (MOFs) have been
recently investigated as scaffolds and additives/surface modi-
fiers. Wu et al. utilized thiol-functionalized 2D MOFs as an

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

RRL

www.solar-rrl.com

www.advancedsciencenews.com
Table 1. Selective studies of Pb>* leakage prevention strategies in PSC function fayers.
PSC Device Structure Modifying Material PCE {%] Stability Pb Leakage Test Pb Reduction Year  References
In perovskite films
FTO/ETM/CH3NH; Phosphate salts, / / Water soaking without perovskite films, 2021 [109]
Pbl;/HTM/Carbon (NH,),HPO, damage, with UV-vis 99.97%
absorption, SEM-EDX, ICP-
OES, and ICP-MS
ITO/NIO,/PTAA/ Polyamide 22.10;15.70 T90> 1,000 h Water soaking without 94% 2021 [110]
Cso.05(FAoMAG 1)0.05 (Mini (1 sun, air, 30°C) damage, with FAAS
Pb(losBr)3/PCBM/BCP/Ag modules)
ITO/PTAA/ MAPbI;/ Sulfonic Solar cell:  Continuous operation at Dripping water From 16.0 to 2021 [
Cgo/BCP/Cu acid resin 20.69%  1sun, 45°C for 500 h: no (pH 4.2) onto 4.51 ppm
mini-  notable influence on device  the broken modules, 11.94+ 1.4 ppb
modules: stability compared with the with 1CP-MS mini-modules;
16.3% pristine counterparts 99.9%
ITO/SnO,/ Cspos Fullerene 23% T80 > 1500 h, no obvious Water soaking, 58.3% 2022 {113}
FAp46MAg 49 decay after 400 h with {CP-MS
Pblg.97Bro.03/Spiro/Ag illumination; T95 > 120 days
{ambient, 25 °C, RH 30%)
ITO/SnO,/FAy 52 Phenylbenzi-  23.27; 1531  The optimized device fmmersed in % 2022 Mz
MAg 03Pbls/ midazolsulfonic (Mini-  maintained around 85% of DI water, with FAAS
SpirofAu acid modules) the initial efficiency after
1000 h of storage without
encapsulation (ambient,
25 °C RH 30%), the control
device about 409%.
ITO/SnO,/MAPbI5/ 4-[{trifluoromethyl)  20.24 Maintain 93% of their immersed in in 60s, 80% 2022 [114]
Spiro/Ag sulfanyl]-anifin original efficiency for over DI water with a 50 days, much
30days (= RH 55%) in air  ph of ~5.7 and Pb?*
without encapsulation ion test paper,
with SEM-EDS
ITO/NIO,/CsMAFA/ {biodegradability) ~ 22.079%5  The encapsulated device Immersing 98% 2022 {115}
PCBM + Poly(butylene (0.1 cm?), maintained the initial perovskite films
Ceo/BCP/Cr/Au adipate-co- 20.319  efficiency of 80% for 3249h  in water for 240 min,
terephthalate) (tem?) under MPPT and one with ICP-OES
polymer sunlight illumination
ITO/SNO,/MAPbI;/ Poly(acrylic acid) 21.8% The modified devices Immersing the device in ~70% 2022 21
spiro-MeOTAD/ grafted carbon maintained more than 80% water, with FAAS
MoO,/Ag nanotubes of initial efficiency after
1400 h under N, atmosphere
in carrier transport layers
FTO/Sn0,/ CspgsFAoys Alkoxy-PTEG 21.20  In dark with RH of 40-50% at Water soaking, Alkoxy-PTEG can 2020 [116)
MAg 16-Pbg g4l2 4Bro 45/ SpriofAu RT: T88 > 30 days at 10°C: no damage; capture lead
T94 > 4 days with UV—vis spectroscopy  ions at moderate
strength
FTO/TiO,/PCBM/FAPbI;/ Polyoxometalates-  21.5% Retained approximately 85% PSCs immersed in water, Over 70% 2022 M7
Spiro-OMeTAD/Au metal organic of the initial PCE value for with ICP-OES
frameworks over 1000 h in ambient
conditions
In carbon electrodes
Cu-based device: Sulfonic acid resin 18.10  Thermal cycling from 40to ~ Water soaking; water Water dripping 2020 {118]

ITO/PTAA/Perovskite/
Ceo/BCP/Cu
Carbon-based device:
ITO/PTAA/Perovskite/
Cgo/SNO,/Carbon
Mini-modules: MAPbl;
Solar cells: RbggsCsp.0s
FAc 85sMAg o5
Pblz.g5Bro1s

(carbon- 85 °C: no acceleration of the

based)

dripping, glass side
degradation of encapsulated  damaged; with ICP-MS

{pH 4.2) on mini-
modules indoor:

PSCs after 50 cycles

84% outdoor: 91%
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Figure 14. a) The leaked amount of Pbl, after soaking for 10 min. Reproduced with permission.'®! Copyright 2021, Eisevier. The film images and UV-vis
absorption spectra of the solution by immersing the perovskite films b) without and c) with Cu-Por modification into water at different durations.
Reproduced with permission.!"?") Copyright 2021, Elsevier. d) Chemical structure of ZnP. e) Pb** leakage with ZnPp. Reproduced with permission.['%]
Copyright 2022, Elsevier. f) Pb>* concentration by immersing the unencapsulated modules (5 x 5 cm?) into 50 mL D! water for 250 min. Reproduced with

permission."?’l Copyright 2022, Elsevier. g) Pb?*

content variation when immersing perovskite films in DI water with or without 1,2-EDT treatment.
Reproduced with permission.l"?®! Copyright 2022, Wiley-VCH GmbH. The Pb**

concentration in the contaminated water under simulated acid rainfall

conditions. h) Fresh devices and i) aged devices. Reproduced with permission.l'?? Copyright 2022, Wiley-VCH GmbH.

electron-extraction layer at the ETL/metal electrode interface.!*3¢!
With the immobilization of Pb ions via the S—Pb bond, most of
the leaking Pb ions were captured from the degraded PSCs by
forming water-insoluble solids. (Figure 15e) According to ICP-
OES measurements, the Pb** concentration in contaminated
water decreased to an average of 7.6 ppm by over 80% of the
leaked Pb*" ions, which were mostly captured by thiol-contain-
ing MOF to form water-insoluble Pb(ii)~ZrL; complexes.
Superhydrophobic surfaces between the perovskite film and
metal electrode are proved as an effective strategy for both
efficiency-boosting and Pb reduction.'*”] The thiol-functional-
ized superhydrophobic array captured the majority of the unco-
ordinated Pb”" ions via the S—Pb bond. Therefore, Pb2* leakage
was reduced from 12.28 mgL™" (even higher when heating for
the control device) to 6-2.05mgL™", whether heating or not.
(Figure 15f).

Sol. RRL 2022, 2200699 2200699 (17 of 28)

As shown in Table 2, recent advances in Pb?* leakage reduc-
tion strategies by interfacial modification are summarized. These
studies provided further insights into simultaneously developing
stable and eco-friendly PSCs via multifunctional interfacial or
surface modification.

5.1.4. Encapsulation Absorbers for Pb Leakage Reduction

Encapsulation is an effective way to improve the operational sta-
bility of PSCs by enhancing the mechanical strength of modules
and preventing environmental factor-related decomposition. To
effectively reduce Pb** leakage of PSC devices, some researchers
have further adopted device encapsulation technology to prevent
Ph>* leakage.

Jiang’s team reduced Pb** leakage from damaged Pb halide
perovskite solar modules by encapsulating PSCs with self:

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 15. a) Molecular structures of diphosphatidyl-glycerol{Di-g). b) Pb?* leakage distribution in the flexible PSC. Reproduced with permission.""!
Copyright 2021, Wiley-VCH GmbH. ) Pb?* concentration released 12 or 24 h after device breakage. Reproduced with permission.I'*¥ Copyright 2021,
Royal Society of Chemistry. d) Schematic diagram of Pb>* adsorption by different electron transport layers (ETLs). Reproduced with permission.l'*
Copyright 2021, Wiley-VCH GmbH e) Schematic of the immobilization effect of ZrL; on Pb®* ions. Reproduced with permission.!"*® Copyright 2020,
Springer Nature. f) The Pb® concentration when soaking both types of devices in water at RT and 65 °C. Reproduced with permission.l"*”) Copyright

2021, Wiley-VCH GmbH.

healing epoxy resin (ER) which has the best sealing effect and its
self-healing ability can be triggered by heat provided by sun-
light.!”) It can effectively reduce Pb>* exposure to rain, and mit-
igate Pb** leakage from 30 to 0.08 mgh ™' m™? when employed
between the perovskite solar module and top glass cover.
(Figure 16a) Zhu et al. employed a transparent P, P’-di(2-
ethythexyl)methanediphosphonic acid (DMDP) layer on the glass
side and an additional N,N,N’N’-ethyl enediaminetetrakis
{methylenephosphonic acid-poly(ethylene oxide) (EDTMP-
PEO) layer on the metal-electrode side of the prepared PSCs,
which were then covered by the ethylene vinyl acetate (EVA)
encapsulation layers.!"*® (Figure 16b) The Pb-absorbing layers
do not negatively impact device PCEs and operation stability
while demonstrating excellent on-device SEQUESTration of over
96% of Pb®* leakage through a chemical absorption approach
after a 3 h soaking test in acidic water on damaged PSC devices.
(Figure 16c) Subsequently, the same group fabricated Pb**-
absorbing tapes composed of a standard EVA film and a
prelaminated DMDP layer on both sides of PSC devices of
n—i-p and p—i-n configurations."*” Consequently, the resulting
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device after severe device damage exhibited 99.9% Pb**
SEQUESTration efficiency upon a 7 day water soaking test.
(Figure 16d) Huang reported a self-healable, and Pb-absorbing
ionogel-based encapsulation, which effectively increased the
long-term stability of PSCs and inhibited Pb®" leakage.™*"!
(Figure 16e) Zhu et al. used a mixture of sulfonated graphene
aerogel and polydimethylsiloxane as a Pb-absorbing encapsulant
on both sides of flexible perovskite solar modules. ™! Under var-
ious simulation conditions (scratching, bending, and thermal
cycling), the S-GA/PDMS encapsulant can trap over 99.99% of
Pb*" after 3000 bending circles (R =5 mm). (Figure 16f) The
same group also employed a mixture of a cation-exchange resin
{(CER) and an ultraviolet resin for encapsulating both rigid and
flexible PSCs on the metal side."*? Consequently, more than
90% of Pb>* from decomposed PSCs and modules may be
trapped by the encapsulant through an efficient reaction between
CER and Pb** under simulated extreme weather conditions.
As shown in Table 3, recent studies of Pb>" leakage reduction
strategies with encapsulation strategies are summarized.
Physical encapsulation can protect solar cells from
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Table 2. Selective studies of Pb leakage prevention strategies by inserting interfacial modifiers.

PSC device structure modifying material PCE stability Pb** Leakage test Pb** reduction year References
Perovskite/HTL

FTO/TIiO,/ Copper(il) porphyrin ~ 20.70%  Tgo>1000h (1 sun, No); Perovskite films, water For 10 min, 50% 2019 {123]
Cspos(MAg17FA 33)0.95 Too> 1000 h (85°C, Ny); soaking; UV-vis absorption

Pb-(l5.53Brp.17)3 [SpriofAu
FTO/TiO,/ Csoos

Too > 2000 h (45% RH, Ny)

Copper(ll) porphyrin ~ 21.24% 1 sun, Np: T90 > 2,000 h; N, Perovskite films, dip into effectively inhibited 2021 [124)

(MAg17FA0 83)0.95 85 °C: T90 > 2,200 h; RH water, device, UV—vis

Pb-(lo.83Bro.17)3 /SpriofAu 45%: T90 > 3,200 h. absorption

FTO/TIiO,f Copper(ll) porphyrin ~ 21.76% 1sun, N2: T90>2,000h; Np,  Perovskite films; water Effectively prevented 2021 [125]
Cso.05(MAg.17FAo 83)0.95 85°C: T90 > 2,000 h; soaking; (pH: ~5.2)

Pb-{lo.83Bro.17)3 /SpriofAu moisture stability:
T90 > 3,200 h, RH 45%,;
operation stability, 1 sun:

TS0 > 1,000 min.

UV—vis absorption

FTO/ZnO-MgO-EAT [TiO,/ Zinc porphyrin 20.53%  Thermal stability: ZnP - Perovskite films Prevented less 2022 {126]
Cso.05(MAg17FAc83)0.05 treated PSC retained 77% immersed in Pb%* leakage
Pb{los3Bros)s [Sprio/Au after 900 h, the pristine DI water at 35 °C,
degraded to 27% after 500 h UV-vis Absorption
light stability: the ZnP treated
PSC retained 86% after
630h, and the pristine
degraded to 56%
ITO/SnO,/MAPDI3/ (DOE)PbL, (I, 2D 23.6%  Retaining 90.7% of their Immersed in Normal rain, 80% 2022 [129]

(DOE)Pbl,_,Ch/ structure original PCE after 3000 h, RH  pure/lake/sea water; acid rain, 71.9%

PTAA/Ag 25-55% 15-30°C, only no damage; ICP-MS
68.8% for the control device
ITO/TiO,/FAg 92 Phenylbenzimidazole  24.14% 1 sun, 50°C: T90 > 1,130 h, Water soaking, 62.5% (RT) 2022 [127)
MAy05Pbl3/SpriofAu sulfonic acid T80>2,000h no device damage; FAAS 78.5% (70°C)
1TO/SnO2/perovskite/ 1,2-EDT 20.5% Maintain 88% of the Perovskite films; Less Pb?* leakage 2022 [128]
PCBM/Ag initial PCE in air immersing in DI water
for 1005 h
1TO/SnO,/CsFAMA/ benzyl acrylate 20.86%—  The BzA-based F-PSM Immersing the The control device 2022 [130)
Spiro-OMeTAD/Au 0.07 cm?, exhibits excellent long-term unencapsulated 12.3 ppm, BzA-based
16.75%— stability {81.0% of the initia F-PSMs in water dropped to 2.1 ppm
24 cm®  PCE after 400h of 75% or 240 min; 1ICP-MS
modules humidity testing, 84.5% of
the initial PCE after 300 h of
light aging at AM 1.5G)
FTO/SnO,/CH3NH; In situ cross-linked  23.26% No PCE decay after 3000 h in Soaking the The control device 2022 (135}
Pbl;/Spiro-OMeTAD/Ag insoluble polymer air, 60% RH; maintained over CH;3NH;Pbly films (=17 ppm, 1 h);
(Spiro-NPU) 90%% of initial efficiency after in DI water, the treated device
500 h at 85% RH @ 25 °C (or with FAAS (less than 1 ppm
at 55% RH @ 85°C); in 20 days and then
retained 97% of the initial rised to =8 ppm)
PCE after operating at MMP
under 1 sun illumination
(~50°C in N;) for 200h
without encapsulations.
ETL/Perovskite
ITO/PEDOT: PSS/ Diphosphatidyl- 20.29%; Unencapsulated, Water soaking 95.7% (pure water) 2021 [137]
(FAPbt3)1..(MAPbBr3),/ glycerol 15.01% RH 45%, ambient: (pure, pH 4.5 95.6% (pH 4.5)
PCs1BM/BCP/Ag {modules) T90>60h and 9.3); no device damage; 94.7% (pH 9.3)
PB-2 A water quality tester
FTO/TiO,/ (FAPbls)y. Hydroxyapatite 20.98% Ambient conditions: ~ Water soaking, device front 94.6% 2021 [132]

(MAPbBr3)x [SpriofAu
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and back sides smashed; a
Pb ion-selective electrode
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Table 2. Continued.
PSC device structure modifying material PCE stability Pb™* Leakage test Pb?* reduction year References
1ITO/SnO,/ Csp22FAg.7s Amino trimethylene  23.52% Ambient conditions, Water soaking 91.1% 2021 f133]
Pb (Bro2los)s /SpriofAu phosphonic acid RH30%-50%: T90 > 1,200 h; (pH 6.2); no
N,, without any light: device damage;
T93>1,000h ICP-OES
ITO/SnO,/ (MAgsFAy3) 3,4-DOPA 21.5% The unencapsulated devices / / 2022 [134]
Pbl;/Spiro-OMeTAD/Au maintain 85% of their initial
performance after 55 days in
air (RH~15%, RT)
ETL/Metal Electrode
ITO/PTAA/ Csoos MOF 2202  Encapsulated in RH 75% Water soaking 80.2% 2020 9113€
(FAc.5sMAG15)0.95 ambient: T90 > 1,000 h; (pH 5.6); no
Pb(lo5Broas)s/ operation stability at 1 sun in device damage;
PCq;BM/BCP/Ag N, at 85 °C without UV filter: ICP-OES
T92>1,000h
FTO/NIO,/Csg 05 H, H, H, 21.79  Operation stability at 1 sun in Water soaking From 1228 mgL™" 2021 9237
(FA0.3sMAg 15)0.05 H-perfluorodecanethiol N at 85°C without UV filter:  (pH 5.5); no device (higher when heating)
Pb{lossBro.is)s/ T90 > 500 h; unencapsulated damage; ICP-MS t0 6-2.0S mg L™ no
PCq1BM/BCP/Ag in RH 85% ambient: matter heating or not
T90 > 500h
(a) (b) ()
Without Pb absorbers: —=—50°C;—e— RT
6 124 ;
0-4 h B €
600 e gl
__— EDTMP-PEO \E
i)
£ 6
Standard PSC S
stack (Au/spiro- 2
OMeTAD/perovskite/ 8 3l
TiO,/FTO glass}) P
o With Pb absorbers: - 50 °C;-+ - RT
0- . e
- pmoP T T T ; T T T
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8 1 T:'e ;’ ——= Structure A § 904
% 1074 E 1041 E e StEUCLUTE B og
g EPA drinking wat: (15 pob) s | Structure € S 60
€ 104 S gl 210 5
g 10 i - 2 i ] —4— Reference
o S
s i B o 304 PDMS
5 10°+ [ o
£ | ¢ —g—S-GAPDMS
10°L " T v . 07
0 5 10 15 20 25 T T y r y T Y Y v v
0 20 40 60 80 100 120 140 160 180

Time (hours) Time (min)

Time (day)

Figure 16. a) Pb”" leakage with four encapsulation methods when it rains for the first 4 h, is sunny for 4 h in total and rains again starting at 48 h for 24 h
(a total of 72 h). Reproduced with permission.!*”! Copyright 2019, Springer Nature. b) lllustration of adding Pb-absorbing materials on both sides of a
standard n—i—p PSC. ¢) Pb*" SEQUESTration for damaged PSCs with and without the Pb-absorbing layers. Reproduced with permission.”*® Copyright
2020, Springer Nature. d) Pb®' concentration of damaged n-i-p PSCs encapsulated by bare ethylene vinyl acetate (EVA) film and P, P'di
(2-ethylhexylymethanediphosphonic acid (DMDP)-laminated EVA tapes after a 7 day water-soaking test. Reproduced with permission.I** Copyright
2020, Springer Nature. e} Water soaking test for damaged minimodules. Reproduced with permission.*% Copyright 2021, American Association
for the Advancement of Science. f) Pb®" leakage of flexible modules without and with different encapsulants after 3000 bending circles
{R=5 mm). Reproduced with permission.!"*"! Copyright 2021, Wiley-VCH GmbH.
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Table 3. Selective studies of Pb>" leakage prevention strategies in encapsulation layers.

PSC Device Structure Modifying PCE Stability Pb?* Leakage Test Pb®* Reduction Year References
Material
FTO/c-TiO2/Csg.07 Epoxy resin Mini-modules: Not reported Water dripping Water-dripping: 98.1% 2019 {67}
FAy 53Pbls/spiro- 14.3% (ph 4.2) First dripping, heating at
MeOTAD/Au Glass side 45 °c for 4 h, then water
damaged dripping for a

second time: 99.8%
First heated at 45 °c
for 4 h and then water
dripping: 99.5%

ITO/TiO,/(CsPbl3)g.05 EDTMP-PEO Reverse: 20.12% Continuous Water soaking/ In water 2020 {138]
(FAPbl3)ogs DMDP Forward: 20.27% operation at 1sun dripping; front 97.7% at t
(MAPbBr3)g.15/SpriofAu simulated and back 97.8% at 50°c in
illumination encapsulation water (ph 4.2)
intensity in the airat  cut and substrate 96.1% at rt
about 50°c smashed; faas 97.7% at 50°c
t80 > 500 h
n-i-p device: FTO/TiO,/ DMDP n~i-p reverse: 21.08% T80>800h Water soaking (ph In water 2021 [139]
(CsPbls)o.0s(FAPbY3)0es forward: 21.22% 4.2); dripping; front 99.9% at RT (n—i—p)
(MAPbBr3)0.15/SpriofAu; and back 99.9% at RT (p—i-n)
p-i—n device: encapsulation cut
ITO/PTAA/(CsPbls)g.os and substrate
(FAPbl3)os smashed;
(MAPbBBr;)0.15/Coo/ FAAS and ICP-MS
BCP/Ag
ITO/PTAA/ (FAg 92 tonogel 20.68 (Rigid device); RH 85%, 85°C: Water soaking; >99.9% 2021 [140}
MAg 08)o.sCs0.1 14.98 (Flexible modules) 795> 1,000 h water dripping
Pb(lo.92B70.08)3/Ceo/ thermal cycling from glass side
BCP/Cu 40 to 80°C: 3.9% damaged;
efficiency loss after ICP-MS
210 cycles
ITO/PTAA/ FAgs2 Sulfonated 0.68 (Rigid device); in ambient air (25 °C, Water soaking; Dripping water 2022 EY]
MAg.08)0.5CS0.1 graphene 14.98(Flexible modules) RH40%-50%) : water dripping (pH >99.99% at RT
Pb(lo.528r0.08)3/ aerogel T95>500h 4.2) in water
Ceo/BCP/Ag in ambient air (RH front and back >99.99% at 85 °C
40-50%, 25°C) encapsulation film (pH 4.2)
under 30W LED  cut and substrate cut
illumination for
7 days: no obvious
degradation
ITO/PTAA/ Mixture of CER 21.00; No obvious Water soaking and Dripping water: 2022 [142]
FAg.92MAs 08)0.5C50.1 and ultraviolet 13.46 (Flexible degradation for dripping (ph 4.2); 93.5% at RT
Pb{lo.92Bro.08)3/Ceo/ resin mini modules) 500h in air glass side damaged; in water: 97.3% at RT
BCP/Ag ICP-OES Acid water (ph 4.2): 98%

Mini-modules:ITO/
PEDOT: PSS/ FAgs;
MAg 08)0.5Cs01
Pb{lo.02Bro.os)s /
PCeyBM/BCP/Ag

environmental degradation and improve mechanical strength
against external impact. These results revealed that applying
lead-absorbing materials in physical encapsulation is an effective
technique to further enhance the operational stability and mini-
mize Pb*" leakage from both rigid and flexible PSCs or modules.
However, these approaches either needs additional processing
procedures for key components of PSCs, or necessitate more
encapsulation procedure and materials which would increase
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the cost of encapsulation techniques. Consequently, these addi-
tional alterations might make it more difficult to fabricate and
configure devices. Furthermore, the optical characteristics
(i.e., transmission) of encapsulation or lead-absorbing materials,
are one of the most important factors, which may potentially
impede device performance and scale-up. Consequently, it is
of great significance to modulate the material design and device
architecture for encapsulating PSC devices with minimal Pb**
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leakage and enhanced device performance and stability.
More efforts are required to develop encapsulation techniques
or lead-absorbing encapsulation materials which are more effi-
cient, easily integrated, cost-effective, and environmentally-
friendly.

5.2, Toxicity reduction strategies for Pb-Based QDSCs

Studies have shown that the surface physicochemical properties,
size of QDs, and aggregation state are the key to their toxic-
ity."®% In recent years, several groups have been working
on surface modifiers to reduce the toxicity of QDs with core-shell
structure or ligand exchange techniques.!"**

5.2.1. Core—Shell structure

The hybrid core/shell configuration is a useful approach to mod-
ifying the size and surface toxicity of QDs by enhancing biocom-
patibility and stability."*! Currently, the most widely studied
QDs are core—shell cadmium (Cd)-based QDs in the biomedical
fluorescent imaging and the QD display industry, with CdSe/
CdTe as the core and ZnS/ZnSe as the surface layer."*”) This
structure not only gives high luminescence yields and good pho-
tochemical stability, but also prevents toxicity due to Cd leakage.
In core-shell QDs, the surface properties are mainly related to
the molecules covering their shell surfaces, instead of the
QD-core materials.”*'**!The PbS/PbSe core QDs may exhibit
lower toxicity when coated with non-toxic shell materials.
Boercker et al. synthesized PbS/ZnS core/shell nanocrystal
which provides a less toxic shell layer with controlled thick-
ness.'*”! However, with the addition of a monolayer ZnS shell,
the 15,-185, absorbance and photoluminescence (PL) peak ener-
gies red shifted, and the PL lifetime and quantum yield are also
reduced possibly due to nonradiative defect states at the PbS/ZnS
interface. Thus, the less hazardous shell not only stabilizes the
PbS surface mechanically, but also affects the intrinsic properties
of core materials and there are still considerable challenges in the
material design of QDs toward an environmentally friendly direc-
tion, meanwhile, preserve the QDs excellent optoelectronic
properties.

5.2.2. Ligand exchange technique

Currently, solution-phase ligand exchange is the most preferred
technique for producing the active layers in high-performance
PbS QDSCs. PbS QDs are typically capped with long-chain oleic
acid (OA) ligands, which passivate the surface of QDs and
achieve high stability and monodispesity, however, it may
decrease charge conductivity inside the photoactive layer and
thus result in reduced QDSC performance."*®*! Therefore,
OA ligands were replaced with short-chain Pb-based capping
ligands (e.g., PbX,, X=Br, I) to boost the PCE of QDSCs!"*),
which means extra toxic reagents are needed. Moody et al. intro-
duced a solution phase ligand exchange method with a Pb-free
tetrabutylammonium iodide (TBAI) ligand source for the highest
performance QDSCs.”? Compared to Pb-based methods, lower
material requirements and a nearly 250-fold reduction in Pb**
waste were demonstrated. Notably, the treated unencapsulated
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PbS QDSCs leached less Pb** than the limitations of the U.S.
Environmental Protection Agency and hence do not need
end-of-life hazardous disposal.

Considering the diversity of QDs, and the complex Pb** leak-
age related parameters, mitigating the environmental risk posed
by Pb*" leakage can be a significant challenge to the commercial-
ization of Pb-based QD PV technologies.

6. Perovskite solar cell treatment and recycling

For end-of-life PSCs waste, the traditional disposal methods
include landfill, incineration, and recycling’®*!l As most
PSC devices utilize costly and poisonous materials, recycling
Pb-based PSCs has enormous economic and ecological benefits.
Hence, the development of efficient treatment and recycling
methods for extracting Pb components from PSCs are widely
studied.?®**2133] The related methods can be principally catego-
rized as two types of physicochemical treatment for reproducing
Pb-containing raw materials and in situ recycling of Pbl,.

6.1. Physicochemical treatment

Physicochemical treatment uses waste PSCs to reproduce the Pb
containing raw materials via physicochemical methods, includ-
ing solvent extraction, chemical precipitation, and electrochemi-
cal deposition.">*7*7} Poll et al. demonstrated the recycling of Pb
from hybrid organic-inorganic perovskites by dissolution and
selective electrodeposition using a deep eutectic solvent based
electrochemical recycling process.”*” The extraction ratios of
Pb from deep eutectic solvent of MAPbI;, MAPbI; and
MAPbDI;_,Cl, were up to 99.7, 98.7, and 99.8%, respectively.
Kardo et al. developed a selective recycling process for PSC
devices.'>*! Ethanol, methanol, water, and isopropanol were used
to dissolve CH3;NH;Pbls, and dimethylformamide (DMF) was
used to remove Pbl, completely. The fastest observed conversion
from CH3NH;Pbl; to Pbl, was achieved using methanol, fol-
lowed by DI water. Relative Pb content in methanol and DMF
were 7.1% and 92.9%, respectively. Feng et al."** reported a
close-loop recycling strategy (Figure 17) to extract high-purity
MAPDI; crystals from PSCs using N-butylamine (BA) as a sol-
vent, with a Pb recovery rate of 98.9%. And the highest PCE
of the recycled PSC is 17.95%, which is better than that of the
devices made of fresh materials. Park et al.l'™®® synthesized a
new adsorbent, Fe-coated hydroxyapatite (Cajo{PO4)6(OH),,
HAP), for both separation and recovery of Pb from PSC pollu-
tants. Nealy 99.99% of Pb was removed by adding 50 mg
HAP/Fe composite to 20mL of 2mM Pbl,/DMF and typical
perovskite composed of Pbl,, methylammonium iodide, and
DMF. Hong et al.**”! synthesized a novel Pb** adsorbent-whit-
lockite (CaygMg,(HPO,);(POy)12), with an excellent Pb** absorp-
tion capacity of 2339 mg g™'. Moreover, absorbed Pb** ions can
be recycled as high-purity Pbl, powder, as the precursor of PSCs,
and its PCE achieved an average of 19%.

6.2. In Situ recycling

In situ recycling is to recycle Pbl, from pristine PSCs and regen-
erate new devices in situ."** %1 Xy et al. established a method
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Figure 17. Schematics of the closed-loop recycling process. Reproduced with permission.l'>*} Copyright 2021, Elsevier.

for in situ recovery of Pbl, from thermally decomposed
CH;NH;Pbl; perovskite film for the regeneration of high-
efficiency PSCs.!"*® The performance of regenerated PSC pre-
sented a high PCE efficiency of 14.84%. Furthermore, Huang
et al. reported a rejuvenation strategy for perovskite crystals
regeneration by MAI treatment after 60 days of exposure to ambi-
ent air with a relative humidity of 5096."*” The rejuvenated PSC
shows a PCE efficiency of 11.6%. Chhillar et al. demonstrated the
recycling of Pbl, from degraded perovskite film and developed a
process for converting Pbl, perovskite films by introducing
MAL"! This study demonstrated that recovered MAPbI; films
could maintain both optoelectronic properties and crystal struc-
ture. Zhang et al. demonstrated Pb recycling and recovery from
carbon-based PSCs by the dissolution-precipitation method.¢%
HI solution was added in DMF dissolved MAPbI; solution for
Pbl, formation, with a calculated Pb recovery rate of 95.7%.
The recovered Pbl, was used to fabricate a carbon-based PSC
with a PCE of 11.36%. Hong et al. demonstrated a different route
to regenerate the degraded PSCs by purging CH;NH, gas into
the decomposed CH3;NH;PbI; devices.'*® And the efficiency of
encapsulated PSCs after two cycles of photodegradation-recovery
treatment can still reach 91% of the original devices. Ren et al.
indicated that Pbl, can be recycled through ion exchange by zeo-
lite, and the synthesized FAPbI; based on recycled Pbl, showed a
stable output PCE of 21.0 %.1%* Wang et al. reported a one-key-
reset method for recycling whole PSCs by dissolving perovskite
crystals in a nonionic solvent system consisting of methylamine
solution and acetonitrile, the recycled devices exhibited a PCE of
~20.30%.1'%4

Overall, the Pb from Pb-based PSCs can be recycded and
reused as either PbL!'**'®" and other Pb-containing prod-
ucts.*¥ The efficiency of regenerated PSCs by recycled Pbl,
can compete with the devices fabricated with fresh materials.
More importantly, the recycling and reuse of Pb from PSCs
are proved to be an effective strategy for avoiding Pb waste
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and preventing Pb contamination at this stage. Tian et al.
revealed that the conduction of recycling strategies of PSCs could
lead to a decrease in energy payback time and a reduction of
greenhouse gas emission factor.!"®* Therefore, the development
of efficient Pb recycle technology for PSCs is obviously beneficial
to life cycle management and practical application of Pb-based
PSCs. However, the experimental experiences on the PSCs recy-
cling technologies obtained should be adapted to large-scale
industrial production. Furthermore, the total cost of PSCs recy-
cling technologies, including materials, synthesizing, etc. should
be calculated for the commercial regeneration of PSCs. Finally,
the development of lead recycling technology for regenerating
PSCs with high efficiency and long-term stability still needs
further improvement.

7. Conclusion

Despite the excellent performance of emerging Pb-based solar
cells, Pb™* toxicity is a critical obstacle to its future applications
and eco-friendly development. The potential environmental
impacts on air, soil, and groundwater, and the ecotoxicity and
bioavailability of Pb** leakage to soil plants, bacteria, animals,
and human cells were highlighted in this review. However,
the understanding of the long-term environmental impact of
Pb-based solar cells is not yet fully established, and there is lim-
ited research on the biocavailability of Pb-based solar cells com-
pared to other sources of Pb pollutants. Further research is
needed to assess the actual on-site Pb** leakage from Pb-based
solar cells to ecosystems, including surface and underground
water, different types of soil, and air. Up to now, multiple strate-
gies have been employed to achieve both Pb?* leakage reduction
and performance enhancement. However, challenges still exist
toward commercialization, such as adapting lab experiences of
Pb** reduction and recycling technologies to large-scale
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industrialization and economic calculation of Pb** management

processes. Despite the strategies proposed here being still in the
infancy stage, we anticipate they will benefit the development of
sustainable Pb management of Pb-based solar cells.
Furthermore, lead removal and recovery through biological
and physiochemical techniques (e.g., precipitation, adsorption,
ion exchange, membrane, electrochemical reduction) have been
extensively investigated in the field of environmental manage-
ment of wastewater, sludge, and soil, which is prospective in
the field of managing Pb toxicity in Pb-based solar cells.
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